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Introduction
A fuel cell is an electrochemical device that can directly convert hydrogen energy to electricity. Among the various types of fuel cell, the proton exchange membrane fuel cell (PEMFC) is considered one of the most promising clean energy sources of the twenty-first century for transportation and stationary applications, due to its high energy conversion efficiency and power density, fast startup, and low/zero emission level [1, 2] . Considerable research over the past few decades has significantly advanced PEMFC technology. However, some technological "bottlenecks" have limited its further commercialization. For example, the relatively short lifetime of PEMFCs, induced by materials degradation, is still unsatisfactory for stationary and automotive applications. The U.S. Department of Energy (DOE) lifetime targets for 2015 are 5000 h for transportation power systems and 40,000 h for stationary power systems [3] , but current PEMFC technology yields only 1700 h and 10,000 h, respectively [4] . Insufficient fuel cell system durability is caused by degradation of the fuel cell components. The durability of each component in a PEMFC is affected by many internal and external factors, including material properties, fuel cell operating conditions (such as humidification, temperature, cell voltage, etc.), impurities or contaminants in the feeds, environmental conditions (e.g., subfreezing or cold start), operation modes (such as startup, shutdown, potential cycling, etc.), and the design of the components and the stack.
For automobile applications, PEMFCs must operate under various conditions, such as load changing cycles, high power conditions, idling conditions, and startup and shutdown cycles. Among these various dynamic conditions, startup and shutdown processes present a unique challenge for PEMFC systems, as they cause the cathode potential to become abnormally high, at which point the catalyst support is prone to be oxidized, resulting in adverse effects for fuel cell durability. Pei et al. investigated the durability of a PEMFC and evaluated its lifetime under startup and shutdown conditions [5] . The results suggested that performance decay under frequent startup and shutdown cycles is very serious, but the effect of startup and shutdown cycles on fuel cell lifetime can be ignored if the stack voltage is promptly dispelled after the fuel cell stops operating. However, quickly and completely dispelling the stack voltage is not easy, due to residual gas in the flow field after shutdown.
The recent literature contains several review papers on PEM fuel cell durability/reliability issues. Wu et al. [6] published a comprehensive review on PEMFC degradation mechanisms and mitigation strategies, in which durability tests under steady state [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and dynamic state [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] conditions were also briefly summarized. In addition, Wu et al. [6] also discussed the major failure modes and mitigation strategies of different components in PEMFCs. Borup et al. [2] published an important review paper contributed by 56 researchers from national laboratories and universities in the United States and Japan who participated in a PEMFC Durability Workshop funded by the United States Department of Energy (DOE). This review provided comprehensive discussions on fundamental and scientific aspects of PEMFC durability, such as operational effects on fuel cell durability, but its main focus was on the degradation of components, including the membrane, catalyst layer, and gas diffusion layer. Vahidi et al. [31] in their review introduced the main parameters influencing the long-term performance and durability of PEMFCs. Zhang et al. [32] provided a review of Pt-based catalyst layer degradation in PEMFCs, including a very detailed discussion of the carbon corrosion mechanisms under gross fuel starvation and the air/fuel boundary; mitigation strategies were also introduced, among them carbon support improvement and system strategies.
All these reviews have touched on performance degradation and carbon oxidation during the startup and shutdown cycles, but there is no comprehensive review of PEMFC durability studies and mitigation strategies under startup and shutdown conditions. Over the last few years, in an effort to enhance the lifetime of PEMFC systems for automobile applications undergoing frequent startup and shutdown, significant progress has been made in the development of novel catalyst supports. In addition, various system strategies for tackling startup and shutdown issues have been developed and reported through a considerable number of papers and patents. There is thus a need for a detailed review of degradation mechanisms and all known mitigation strategies, including materials improvement and system strategies for startup and shutdown processes, to help fuel cell material developers or fuel cell system developers in their efforts to prevent performance degradation and prolong the lifetime of PEMFCs for automotive applications.
The purpose of this review is therefore to summarize the studies conducted by academic and industrial researchers on the durability of PEMFCs during startup and shutdown. First, a description of startup and shutdown processes is provided for a clear understanding of what happens to fuel cells during these processes. Second, accelerated lifetime tests under startup-shutdown cycle conditions, conducted by both academic and industrial researchers, are summarized and discussed. In addition, the major failure modes and root causes of degradation during startup and shutdown processes are discussed in detail. The review concludes with a detailed introduction of recently developed mitigation strategies, including materials improvement and system strategies, based on an exhaustive survey of journal papers and patents.
Startup and shutdown processes
Both startup and shutdown are dynamic processes that a fuel cell inevitably must confront in automobile applications. Compared to steady-state processes, startup and shutdown processes experience different profiles under operating conditions. For example, the cell temperature, gas humidity, and local gas mixture are different than under steady-state conditions-for example, increasing temperature and humidity during startup, and decreasing temperature and humidity during shutdown. However, the major feature during startup and shutdown, a feature that is also the major cause of performance degradation during those processes, is the local gas mixture at the anode, which is commonly called the hydrogen/air interface or the fuel/air interface. To clearly understand the accelerated lifetime tests and degradation mechanisms associated with startup and shutdown processes, a brief introduction to these processes is given below and a schematic graph is presented in Fig. 2 .
Startup process
The startup process for the fuel cells referred to in this paper excludes cold start below freezing temperatures. In the normal operation of fuel cell engines, air fills the anode flow field after extended shutdown, due to permeation by atmospheric air from the anode exhaust or across the membrane. The first step of the startup process is to introduce air or oxygen into the cathode and hydrogen into the anode. Because of the presence of air in the anode, there is a hydrogen/air interface in the anode flow field during hydrogen introduction. As hydrogen is supplied continuously during the startup process, the air is dispelled from the anode inlet to the anode outlet, resulting in a floating hydrogen/air interface. The faster the hydrogen is supplied, the more briefly is this interface present. Eventually, all the air in the anode is dispelled by the hydrogen, and the air/hydrogen interface disappears, leading to the state of the open circuit voltage (OCV) for fuel cells. In a laboratory test, to prevent fuel cells from forming this hydrogen/air interface, the anode and cathode flow fields are purged with nitrogen to protect the fuel cells before the startup process. However, in the real operation of fuel cell engines, a nitrogen supply is not practical, resulting in an air/hydrogen interface during startup.
In addition, if the fuel cell experiences bad gas flow distribution during the startup process (called local fuel starvation), oxygen could cross the membrane from the cathode to the anode under a pressure or concentration gradient, resulting in a hydrogen/air interface.
Shutdown process
The same situation of a hydrogen/air interface can also occur in the shutdown process. When the primary load is shut off, the fuel cell's shutdown process begins. After the hydrogen and air supplies are shut off, residual gas will remain in the gas channels at the anode and cathode. Because of the gas concentration difference between the anode and cathode, the oxygen at the cathode crosses the membrane to the anode, resulting in a hydrogen/air interface at the anode. Moreover, after extended shutdown, atmospheric air will permeate the fuel cell from the anode outlet due to seal failure. The air/hydrogen interface will remain for a much longer time than when it is introduced directly via the hydrogen supply in the startup process, due to slow air permeation during shutdown.
To investigate the effect that the hydrogen/air interface has on the performance of PEM fuel cells during the startup and shutdown processes, many researchers have focused on accelerated lifetime tests under startup-shutdown cycle conditions in the laboratory.
Degradation of PEMFC during startup and shutdown

Accelerated lifetime tests under startup-shutdown cycles
In recent years, significant research efforts have been focused on degradation behaviors under startup and shutdown conditions, as indicated by the number of publications shown in Fig. 1 . In these publications, most of the durability tests were conducted under accelerated conditions, due to the complexity and difficulty of mimicking and controlling startup and shutdown procedures. To conduct durability tests for startup and shutdown cycles, the hydrogen/air interface must be introduced at the anode, which demands high standards of test condition controls and safety controls in the laboratory. As a result, durability tests under startup and shutdown conditions are costly, as the requisite experiments are lengthy. Accelerated tests are therefore commonly used. United Technologies Corporation (UTC) and a group at the Fuel Cell Research Center, Korea Institute of Science and Technology, have conducted a considerable amount work on accelerated tests to investigate degradation mechanisms and develop system strategies for startup and shutdown processes.
As shown in Table 1 several operating parameters [33] [34] [35] [36] [37] [38] [39] that can have an impact on the degradation rate of PEMFCs under startup and shutdown cycles, including cathode humidity [37, 38] , cell temperature [33] , application of a dummy load [35, 36] , and gas supply sequences [34] . The hydrogen/air interface during the startup and shutdown processes was mimicked by purging the anode and cathode channels with air after continuous air and hydrogen were supplied. During this purging process, the test conditions-including cell temperature, gas humidity, and gas supply sequences-were changed to investigate the resulting effects on the degradation behaviors of fuel cells. The results indicated that performance degradation was alleviated at lower humidity and lower cell temperature with the dummy load during startup and shutdown. Similarly, Lee et al. [39] also investigated the effect of the hydrogen/air interface on fuel cell performance degradation. In their study, the hydrogen/air interface was created by replacing hydrogen with air at the anode, to investigate carbon corrosion at the cathode. It was concluded that to prevent the degradation of PEM-FCs caused by residual gases, hydrogen should be removed from the anode gas channel by air purging, which was found to be very effective.
Takagi et al. [40] investigated the effect that the shutoff sequence of hydrogen and air had on the fuel cell performance degradation rate. The startup and shutdown process was operated as follows: (1) hydrogen and air were supplied to the anode and cathode, respectively, and the cell was operated for 1-1.5 min under a constant load current. (2) The load current was turned off to maintain the OCV state, and simultaneously either the air or the hydrogen supply was shut off at that point. (3) When the cell voltage dropped to 0.2 V, the other gas supply was shut off. (4) After leaving the cell shut down for 5 min while maintaining the cell temperature at the same level as had been used during operation, both hydrogen and air were supplied simultaneously and the load current was applied again to operate the cell. It was concluded that in the interest of system safety and fuel efficiency, it would be more beneficial to shut off the hydrogen supply before the air supply. Nevertheless, to prevent performance degradation during the shutoff process, the air supply should be closed prior to the hydrogen supply to prevent air permeation to the anode, which would otherwise result in a hydrogen/air interface at the anode during the shutdown process. Inukai et al. [41] simulated startup/shutdown cycles by exchanging hydrogen and air at the anode. During this gas exchange, the distribution of oxygen partial pressures at the anode was visualized using a real-time/space visualization system, which clearly showed the location of H 2 -rich and O 2 -rich areas along the gas-flow channel from the inlet to the outlet. They observed that the gas exchange rate was much slower than what would be predicted from simple replacement, and that it correlated with the proton transfer derived from carbon corrosion of the cathode catalyst layer. From these visualization results they found that the shutdown process resulted in more serious effects than the startup process.
In addition to those studying the startup and shutdown processes by replacing hydrogen/air or exchanging gases to introduce the hydrogen/air interface at the anode, other research groups have studied the processes using a reformatted gas supplied to the anode, or using an open cathode exhaust end. Instead of pure hydrogen for the anode gas supply, Qi et al. [42] used a reformate gas composed of 10 ppm CO, 49% H 2 , and 17% CO 2 , balanced by N 2 . A 2% air bleed was used at the anode side to mimic a hydrogen/air interface. The results indicated a degradation rate of about 5 mV per cycle at 400 mA cm −2 after 80 cycles. However, 10 ppm CO and 17% CO 2 in the reformatted gas also augmented the PEMFC degradation rate, which should not be ignored. Yi et al. [43] studied the effect of cathode exhaust conditions on the degradation behaviors of PEMFCs during the shutoff process. The hydrogen/air interface was simulated by using the open exhaust at the cathode to lead to atmospheric air permeation. They concluded that the closed cathode exhaust was beneficial for PEMFC durability.
The accelerated testing results discussed above not only demonstrate the adverse effects that startup and shutdown processes can have on the durability of a PEMFC, but also provide information on how to alleviate these adverse effects by changing operating conditions, such as humidity, temperature, etc. However, the condition changes mentioned in those papers are not practical for real fuel cell operation. For example, the performance degradation caused by startup and shutdown could be mitigated with lower temperatures and lower gas humidity during the startup and shutdown cycles. However, under real conditions it would be difficult to control the temperature and humidity before starting up or shutting down the system. Furthermore, it would take a long time to lower the temperature and humidity from their working points to their shutdown points. Another impractical tactic would be shutting off the air supply prior to the hydrogen supply; although this would mitigate the adverse effects of the startup and shutdown process, it is not advisable for either system safety or fuel efficiency. In addition, as shown in Table 1 , although most tests conducted under optimized operating conditions and frequent cycles demonstrated some level of improvement in degradation rates, these improvements were still not enough to meet the DOE lifetime targets.
Hence, more practical and effective procedures should be developed to mitigate the performance degradation caused by startup and shutdown cycles. In Section 4.2, we explore in depth a few system strategies put forward by UTC that could be practically applied in real fuel cell systems and result in much better durability.
Root cause of PEMFC degradation during startup and shutdown
As discussed earlier, the hydrogen/air interface formed during the startup and shutdown processes is the root cause of the negative effects that these processes have on PEMFC durability. In this part we will discuss the underlying degradation mechanisms caused by the hydrogen/air interface in a PEMFC.
Reverse current
The reverse current mechanism was first proposed by UTC in 2005 [47] . As discussed in Section 2, they pointed out that a hydrogen/air interface in the anode was created during both the startup and shutdown processes. When this happens, as shown in Fig. 3 , part of the anode is filled with hydrogen and the rest is filled with air, leading to a region where oxygen reduction occurs on both the cathode and anode sides, resulting in a high potential difference (about 1.44 V) at the cathode. This high cathode potential temporarily reverses the current where air is present in the anode, causing severe carbon oxidation (also shown in Fig. 3 ). They proposed using high cathode potential and "reversed current", based on the significant decrease in the catalyst layer that they observed in a single-cell experiment. However, they did not directly measure the value of the high cathode potential; instead, they used a dual cell configuration to estimate the cathode voltage to be around 1.44 V. As shown in Fig. 4 , in their dual cell configuration, the two single cells were connected by conductive wires, which would certainly lead to some voltage loss at the interface of the two single cells. However, under the real condition of a single cell, Cell 1 and Cell 2 in Fig. 4 would be connected by an electrolyte and an electrode, so the resistance between the two cells should be negligible. Therefore, the accuracy of their estimated 1.44 V cathode potential is debatable.
Based on the same premise of "reversed current" and high cathode potential, other groups also conducted similar analyses and tests. Yousfi-Steiner [48] explained the observed degradation at the cathode by heterogeneities in current distribution, with local current close to zero in the area fed with nitrogen or diluted oxygen. According to Yousfi-Steiner's assumption, since the two cells in this configuration are connected to neither an electronic load nor a potentiostat, and since they are only externally connected, the setup presented in Fig. 4 most likely represents a generator (Cell 1) connected in series to an electrolysis cell (Cell 2), rather than two single fuel cells connected in parallel [49] . Analyzing the current flow and calculating the voltage in the two devices yields the conclusion that the positive electrode of Cell 2 can reach high enough potentials for fast carbon and Pt corrosion to occur, as shown in the given formulas and Fig. 5 .
Similarly, Owenjan et al. [30] have considered the PEMFC under the startup and shutdown cycles as two shorted cells. The section of the cell where air was present in both the anode and the cathode was considered an air/air cell, and the section where the cathode was filled with air and the anode was filled with hydrogen was considered a normal PEMFC. Their assumption was similar to Yousfi-Steiner's, but they did not predict or measure the value of the cathodic potential during the startup and shutdown processes.
Reverse current has become a commonly accepted mechanism to explain the degradation induced by the startup and shutdown processes. As a result, many research efforts have been directed to measuring or predicting the high potential at the cathode. The following paragraphs summarize the experimental measurements and model predictions of the cathode potential during startup and shutdown. Due to the instantaneous nature of the hydrogen/air interface at the anode, the occurrence of high potential at the cathode is also instantaneous, which presents great challenges for correctly measuring this potential. In recent papers, several methods have been reported to test the cathode potential:
• Dual cell configuration: Two single cells were connected externally by electric wires. The anode and the cathode of the first single cell were supplied with hydrogen and air, respectively, as in a normal PEMFC. In the other cell, air filled the anode and cathode to simulate an electrolysis cell or a driven cell [42, 47, 48] . The cathode potential of the second cell was the maximum cathode potential of a PEMFC exposed to reverse current. As discussed above, in the real condition of a single cell, Cells 1 and 2 would be connected by an electrolyte and an electrode, not external wires, which produced a voltage loss at the interface of the two single cells. A much smaller voltage loss would occur in a real situation. Consequently, some errors probably resulted from the external connection.
• Reference electrode method: Since it is not possible to distinguish between the anode and cathode half-cell reactions with a segmented fuel cell assembly, the reference electrode method has been developed and employed by several research groups [50] [51] [52] [53] [54] [55] . Measurement of the cathode potential was achieved by introducing a constant potential into the test cell, utilizing a reference electrode, and then the anode and cathode potentials could be determined relative to this constant potential. In this method, a small strip of membrane in the MEA was soaked in sulfuric acid with a mercury sulfate reference electrode [50] or a hydrogen reference electrode [56] . Both the anode side and the cathode side of the MEA were considered the working electrode. The cathode potential could be measured as the potential difference between the working electrode and the reference electrode. However, it should be pointed out that the reference electrode method also has its drawbacks. Because the reference electrode is placed at a special point on the membrane, the potential measured at this particular point may not correctly reflect the real potential of the whole membrane. Therefore, it would be more accurate to develop a test device that can evaluate the potential of the whole membrane, rather than the potential of a special point on the membrane.
• Model prediction: To overcome the disadvantages in the experimental measurements mentioned above, some researchers have developed mathematical models to obtain the electrolyte potential profile for this phenomenon [47, 57, 58] . The results can assist researchers in clearly understanding degradation mechanisms. Table 2 summarizes the methods used to measure cathode potential during startup and shutdown, as reported in recent publications. The researchers at Plug Power measured the value of the cathodic potential with reformate hydrogen as the fuel [42] . By using a dual cell configuration, a cathode potential as high as 1.75 V was measured, which was different from the calculated value reported by Reiser et al. [47] . Baumgartner et al. [50] obtained a cathode electrode potential of up to 1.5 V with four reference electrodes under hydrogen starvation conditions, which also resulted in a H 2 /air boundary in the anode. Shen et al. [56] measured the cathode, anode, and membrane potentials versus a hydrogen reference electrode using a special electrode design, as shown in Fig. 6 ; the results indicated that the interfacial potential difference between the cathode and the membrane was as high as about 1.6 V. All these experiments prove that high potential does exist at the cathode of a PEMFC during the startup and shutdown processes.
However, Sidik et al. [57] proposed a different view on the maximum potential a PEMFC cathode could experience due to the formation of a hydrogen/air interface at the anode. They clarified that the maximum potential was about twice the potential observed when one connected a driving fuel cell to a driven cell, based on the Butler-Volmer equation and the experimental data from PEMFCs (In Fig. 3 , the driving cell is Cell 1 and the driven cell is Cell 2.). Because of some simplifications employed in Reiser's model, the predicted cathode potential was 1.44 V, which was lower than twice the OCV. It can be concluded from the measured or predicted cathode potentials discussed above that, in spite of the different methods, the maximum potential value at the cathode is much higher than the OCV. At such a high potential, the carbon support of a Pt-based catalyst is prone to oxidation, resulting in PEMFC performance degradation.
In addition to measuring or mathematically predicting the high cathode potential experienced during the startup and shutdown processes, researchers have also conducted other related tests, such as measuring the current distribution in segmented cells [60] [61] [62] , monitoring the concentration of CO or CO 2 during startup and shutdown [59, 63] , evaluating the effect of cell design (flow field structure and GDL thickness) on start-stop phenomena [64, 65] , and conducting modeling studies [58, [66] [67] [68] [69] [70] [71] [72] [73] on water management and carbon-corrosion during startup and shutdown. All the test results have confirmed performance degradation during the startup and shutdown processes of PEMFCs.
Fuel starvation
Localized fuel starvation can happen during normal operation due to poor distribution of reactants or to water flooding. However, during unprotected fuel cell startup and shutdown, a hydrogen/air boundary forms, which in some cases leads to a situation similar to fuel starvation. This section discusses in a general way the consequences that fuel starvation can have on fuel cell performance and durability. But it has to be pointed out that fuel starvation is not limited to startup and shutdown.
In the normal operation of PEMFCs, all the reactants are sufficiently supplied to the anode and the cathode, resulting in even distribution at the electrode surface. However, if heterogeneous Fig. 6 . Schematics of test MEA with reference hydrogen electrode and thin copper wires sandwiched between two membrane.
Reprinted from Ref. [56] with permission. fuel distribution occurs, air or oxygen at the cathode will cross the membrane to the anode, due to the pressure difference between the anode and cathode. In 2008, Ofstad [74] reported creating a transient hydrogen/air interface in the anode layer. In Jingwei's modeling study [73] , the results indicated that the rate of carbon corrosion at the cathode side of the fuel starvation region was strongly dependent on oxygen diffusion through the membrane. The concentration gradient across the membrane is the driving force for oxygen to permeate from the cathode to the anode, according to Fick's first law. If we suppose a fuel cell system in a steady state, the concentration of oxygen remains constant at all surfaces of the membrane [75] . Under this assumption, the one-dimensional diffusion equation from Fick's first law is expressed as [76] :
are the respective oxygen concentrations on the surface of the membrane at the cathode and anode, and z is the membrane thickness. As a result, a hydrogen/air interface is produced at the anode. According to the "reverse-current mechanism" [47] , this interface is not beneficial to the durability of the carbon support in PEMFCs.
Some researchers have investigated the current distribution of PEMFCs during local fuel starvation [50, [77] [78] [79] [80] [81] [82] [83] , and Yousfi-Steiner et al. [48] provided an excellent review of the causes and consequences of starvation issues. So in this review, we will turn from performance degradation due to local fuel starvation arising from a hydrogen/air interface, and focus in Section 4 on materials improvement and system strategies to mitigate catalyst decay during the startup and shutdown processes.
Carbon oxidation
Catalyst degradation at the cathode is considered a major failure mode for PEMFCs when the catalysts are exposed to reversecurrent conditions during startup and shutdown.
In the catalyst layers of PEMFCs, platinum nanoparticles are always dispersed on supports to increase the active area and thereby lower material costs [84] [85] [86] . As concluded in Ref. [87] , the ideal catalyst support should have the following properties:
• Reasonably high electrical and thermal conductivity.
• Good corrosion resistance in the electrolyte.
• Dimensional and mechanical stability with reasonable strength.
• High surface area. • Availability at low cost and with reasonably high purity.
• Easy dispersion of small catalyst particles.
• Easy fabrication into electrodes.
• Absence of adverse corrosion products.
Because of its good electronic conductivity and low cost, carbon is widely used as a fuel cell catalyst support. Although carbon has most of the above properties, it is susceptible to oxidation or Reprinted from Ref. [59] with permission. corrosion at high temperature and high oxygen concentration, yielding CO 2 or CO, as in the following equations [42, 63] :
Shao et al. [88] investigated the thermodynamic potential of carbon oxidation into CO 2 . Their results indicated that once the potential was higher than +0.207 V vs. RHE, the carbon would be oxidized to CO 2 , according to reaction (2) . Carbon can also be oxidized to CO at 0.518 V under standard conditions [63, 89, 90] .
In normal fuel cell operation, the carbon oxidation rate is slow due to the slow kinetics of reactions (2) and (3) at PEMFC operating temperatures. However, carbon oxidation occurs much faster under dynamic processes such as startup and shutdown, because the cathode potential is much higher than the thermodynamic potential of carbon oxidation. It has been reported that although the kinetics of the carbon oxidation reaction is sluggish at low potential and low temperature, the presence of Pt particles will accelerate carbon oxidation [90] . Kim et al. [59] directly measured and analyzed exhaust gas using FT-IR during start/stop operation. As shown in Fig. 7 , the amount of CO 2 evolved was proportional to the cathode potential at values above 1.0 V. In addition, at potentials higher than 1.2 V, CO and SO 2 were generated, having detrimental effects on fuel cell performance. Similarly, S. Mass measured the CO 2 and CO concentrations in cathode exhaust using non-dispersive infrared spectroscopy (NDIR) [63] . More directly, Inukai et al. used scanning transmission electron microscopy (STEM) images to investigate catalyst-layer degradation at the cathode during 500 start/stop cycles. They observed several holes at the catalyst layer, with no Reprinted from Ref. [41] with permission. carbon support, indicating a drastic corrosion of the carbon support [41] (Fig. 8) .
Nano-particles such as Pt particles in the catalyst layer have the inherent tendency to agglomerate into bigger particles to reduce their high surface energy [91, 92] . Carbon oxidation or corrosion weakens the attachment of Pt particles to the carbon surface and eventually leads to structural collapse and detachment from the carbon support, resulting in the agglomeration and/or dissolution of Pt particles into the electrolyte without redeposition. Moreover, Pt may be transported through the electrolyte and/or through the ionomer after being detached, causing a reduction in electrolyte conductivity [93] . Therefore, carbon oxidation promoted by high cathode potential during the startup and shutdown processes is the main cause of catalyst degradation in the cathode of the fuel cell [43] .
Agglomeration and/or dissolution of Pt particles
The degradation mechanisms for Pt catalysts include the following [32,48]:
• Pt particle agglomeration and particle growth.
• Pt loss and redistribution. • Poisonous effects aroused by contaminants.
Once oxidation of the catalyst support happens during the startup and shutdown processes, the degradation of Pt particles follows the first two mechanisms. However, there is no consensus on the dominance of these two mechanisms. Some researchers have investigated the degradation process of a Pt catalyst during extended operation under OCV [92, 93] . The results indicated that Pt particles dissolved in the ionomer and then grew to larger particles. Other researchers suggested that Pt particles would detach from the oxidized carbon support and dissolve in the electrolyte [94, 95] .
Cross-sectional scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have often been used to characterize Pt/C catalysts subjected to frequent startup and shutdown cycles. Yi reported [43] that the thicknesses of the catalyst layers in the anode and cathode of fresh MEAs were 9.81 and 9.60 m, which decreased to 7.02 and 2.47 m, respectively, after 1500 frequent startup and shutdown cycles for an open-ended fuel cell (see Fig. 9 ). Ettingshausen et al. [45] observed the growth of Pt particles by using TEM and high resolution TEM to analyze a Pt/C catalyst that had experienced start/stop cycles and high cathode potential. After the start/stop cycles, the relative number of particles with a diameter ≤2.5 nm declined from 57.20% in a fresh MEA to 1.92%. Cho et al. combined the results of cross-sectional SEM and TEM to evaluate Pt/C degradation [33, 34, 36, 38, 39, 45, 59] .
Apparently, a support material that is more stable than the current carbon support for PEMFC catalysts is desirable to alleviate the degradation caused by the startup and shutdown processes. But if the current catalyst-support technology has to be employed, there is an urgent need to apply effective system strategies for startup and shutdown to mitigate oxidation of the carbon support under high cathode potential.
Mitigation strategies
Many journal publications and patents have focused on the development of strategies to mitigate the performance decay caused by startup and shutdown. The strategies can be classified into two major categories:
• Material improvement for more stable catalyst supports.
• System mitigation strategies for conventional carbon-black supports.
Alternative catalyst supports
Replacing conventional carbon supports with corrosionresistant materials has been one important mitigation strategy. Yu et al. [66] reported that using graphitized carbon as a support yielded a 5 times lower degradation rate than a conventional carbon support after 1000 startup/shutdown cycles. Owenjan et al. [30] also reported a 25% reduction in the startup/shutdown degradation rate at 1.2 A cm −2 with the implementation of a graphitized carbon in the microporous layers (MPL). They explained that the use of graphitized carbon resulted in a reduced mass transport limitation of the gas diffusion layer, in comparison with the mass transport limitation enhanced by conventional carbon oxidation at the MPL/electrode interface. In addition to graphitized carbon, other carbon materials, such as carbon nanotubes or carbon nanofibers [96] [97] [98] [99] , and carbon aerogel and xerogel [100] [101] [102] , have also been considered as catalyst supports because of their more stable electrochemical behaviors [32] . However, the high cost of synthesizing Reprinted from Ref. [43] with permission. these carbon materials increased the burden on the commercial development of PEMFCs. In addition to carbon-type supports, many non-carbon supports [63, [103] [104] [105] [106] [107] [108] , such as substoichiometric titanium oxide [107] , tungsten carbide [104] , and indium tin oxide [105] , have been investigated to replace the conventional carbon supports and achieve greater stability during long-term tests.
Ioroi et al. [107] tested a single cell using a Pt/Ti 4 O 7 cathode at 300 mA cm −2 for more than 350 h with fully humidified H 2 /O 2 . Stable voltage was observed throughout operation, demonstrating that Pt/Ti 4 O 7 was a possible oxidation-resistant catalyst material for a PEMFC cathode. However, no reports have been published on durability tests of PEMFCs under startup and shutdown cycles using non-carbon supports.
As a result, system strategies seem more practical at the present time, when conventional carbon is being used as a catalyst support.
System strategies
As discussed in previous sections, the hydrogen/air interface causing reversed current and high cathode potential is the root cause for PEMFC degradation during startup and shutdown. All the reported or patented system strategies were developed to prevent a hydrogen/air interface at the anode and eliminate high potential at the cathode during startup and shutdown.
UTC, General Motors Corporation (GM), and other automotive companies such as Ford, Toyota, Nissan, and Daimler Chrysler have been researching system strategies for the startup and shutdown processes. Table 3 lists important patents on system strategies, including:
• Gas purge to anode before startup and after shutdown.
• Auxiliary load applied to consume residual oxygen at the cathode with potential control.
• Exhaust gas recycle as purging gas or reaction gas.
• Electronic short to eliminate high potential at the cathode.
Gas purge
Gas purging is an effective way to prevent a hydrogen/air interface at the anode. It can also minimize the time that an interface exists.
For the shutdown process of fuel cells, Margiott [115] and Reiser [116] at UTC have proposed the following procedure with air purging: supplying the air through the blower into the anode to dispel the residual hydrogen at the anode, after disconnecting the primary load and stopping the hydrogen supply. Reiser's long-term durability test [120] revealed an average voltage loss of 0.2 V without air purging after about 250 startup and shutdown cycles; however, the performance degradation was not so severe, with only about 0.055 V voltage loss after nearly 500 cycles with air purging (see Table 4 ). Yu and Wagner at General Motors Company [128] [129] [130] reported that air purging during the shutdown process was an effective method to prevent performance degradation in fuel cells. However, they proposed that it was more effective to employ the air purge until the temperature of the stack was reduced below a predetermined temperature.
With regard to the startup process, Balliet [119] and Reiser [120] invented a safety strategy that consisted of a startup system and method for a fuel cell power plant using a purging of the cathode flow field with a hydrogen-rich, reducing fluid fuel to minimize corrosion of the cathode electrode. Their strategy included the following steps: (1) purging the cathode flow field with the reducing fluid fuel; (2) directing the reducing fluid fuel to flow through an anode flow field; (3) terminating the flow of the fluid fuel through the cathode flow field and directing an oxygen-containing oxidant to flow through the cathode flow field; and (4) connecting a primary load to the fuel cell. In addition, General Motors also patented their invention of a startup process with gas purging, which included introducing hydrogen gas into the anode and the cathode to consume/purge oxygen in both [127] .
It should be noted that in implementing the above mentioned system strategies, the blowers and other devices used to move the gases through the system should be properly selected to achieve the desired speed for gas displacement to occur in less than about 1.0 s, and preferably less than 0.2 s, to minimize the time that the hydrogen/air interface exists.
Nitrogen is a safe and inert gas that has been widely used as a purgative for fuel cells, but it is not easily made available in real fuel cell operations. To have nitrogen as a purging gas for startup and shutdown, Ford Motor Company has invented a purging system with a separator that removes oxygen from the exhaust gas at the cathode. After several cycles of cathode exhaust gas, a reformate gas with a high nitrogen concentration and low oxygen concentration can be used as the purge gas [139] . Thampan invented a strategy that used a membrane-based humidifier to provide a N 2 -rich exhaust as the purging gas [151] . The membrane-based humidifier was used to transfer moisture from a moisture-laden exhaust stream to the dry air feed, and was also used in a shutdown mode in which the membrane-based humidifier was implemented to permeate moisture and oxygen from the moisture-laden exhaust stream, thereby providing nitrogen-rich gas. The same method was also patented by Scotto [154, 155] .
Auxiliary load with potential control
Gas purging can prevent a hydrogen/air interface during the startup and shutdown processes. However, it cannot completely dispel residual gas present in the flow field of fuel cells, such as in the gas diffusion layer or the catalyst layer. Another effective way to dispel residual gas is to introduce an auxiliary load (also called a dummy load). Kim et al. [36] have investigated how applying a dummy load affects fuel cell degradation. Their results indicated that application of a dummy load during the startup procedure significantly reduced performance decay and loss of electrochemically active surface area, and increased charge-transfer resistance, which resulted in a dramatic improvement in durability. In Condit's [112] and Balliet's [113] invention, a dummy load was applied to prevent cell reversal by consuming the air at the cathode during the shutdown process. Yu [129] applied an auxiliary load to consume the oxygen at the cathode, leaving nitrogen and hydrogen in the cathode and anode, respectively, during the shutdown process.
An auxiliary load has always been used in the company of an anode exhaust recycle loop. Yang proposed a startup procedure for a fuel cell system having an anode exhaust recycle loop [121] . First, the auxiliary load was connected across the cell to reduce the cell voltage. Then the limited hydrogen fuel from the anode exhaust, through a recycle loop, was provided to the anode. The added fuel reacted with the oxygen that remained in the recirculation gases until virtually no oxygen remained within the recycle loop. Finally, fuel and air could be supplied at the normal operating flow rates into the anode and cathode, respectively, after the auxiliary load was shut off. Fig. 10 shows the application of a dummy load during fuel introduction at startup [87] . The losses without a dummy load were severe, and the performance decreased by ∼100 V cycle −1 . With a dummy load to control the cell voltage, performance decay was reduced to approximately 4 V cycle −1 . Yang et al. patented a similar strategy that applied an auxiliary load with the anode recycle loop, and could be used in the shutdown process to reduce the cell potential [110, 121] .
Chan et al. at Hyundai Motor [149] have designed an apparatus for effectively preventing carbon corrosion from occurring at the cathode of a fuel cell. In this strategy, to completely exhaust the residual oxygen at the cathode after the fuel cell was shut down, a pressure sensor and an air discharge solenoid valve were installed in the air discharge pipe to detect the air pressure in the fuel cell and control the air supply. Under the function of the pressure sensor and the solenoid valve, as the residual oxygen at the cathode was completely consumed, the solenoid valve received the closing signal and the dummy load was disconnected to avoid a negative voltage in the fuel cell. Table 3 Summary of patents on system strategies for startup and shutdown processes.
Inventors
Year System strategy Another way of applying an auxiliary load is to use an electronic short of the fuel cell. Bekkedahl [118] invented a specially designed fuel cell stack with a permanent shunt, a diode, and a strip of conductive carbon cloth or black. The removable shunt could be rotated into and out of contact with the fuel cell anodes and cathodes to make an internal auxiliary load. Ramani [159] and Miller [156] also applied chemical shorting during the startup and shutdown processes.
Other system strategies
In addition to gas purging and auxiliary load strategies, other system strategies have been developed to enhance the durability of PEMFCs during startup and shutdown. They include novel catalyst design to improve the catalyst's tolerance to voltage reversal [136] , unique electrode design to reduce electrode degradation under startup and shutdown [132] , use of an electrode that contains oxygen evolution reaction catalysts to prevent current reversal [133] , and application of a cascade fuel inlet manifold [114, 117] to achieve better hydrogen distribution in the flow filed.
Some Japanese companies, such as Toyota Motor [146] [147] [148] , Seiko Instruments [164] , Nissan Motor [140] [141] [142] , Fuji Electric [165] , and Daihatsu Motor [166] , have proposed their own PEMFC systems with voltage sensors and accurate gas-supply control Paik et al.
Purge system with a separator to remove oxygen from the exhaust gas at the cathode Air/H2 cycling at anode Voltage decreased from 0.78 V to 0.25 V at 600 mA cm −2 after 500 cycles [139] N2 purge at anode Voltage decreased from 0.39 V to 0.25 V at 600 mA cm −2 after 639 cycles 5% O2 in nitrogen purge at anode Voltage decreased from 0.6 V to 0.44 V at 1000 mA cm −2 after 500 cycles 10% O2 in nitrogen purge at anode Voltage decreased from 0.7 V to 0.4 V at 500 mA cm −2 after 40 cycles systems to achieve a desirable durability during the startup and shutdown processes.
Summary of system strategies
As shown in Table 4 , recent patents have reported several durability tests conducted with different system strategies under startup and shutdown cycles. The performance decay was greatly mitigated by various strategies, among which the most effective was the combination of hydrogen purging, application of an auxiliary load, and use of a voltage control device to prevent voltage reversal. All the system strategies listed in Table 4 are based on the following two principles:
• Minimizing the time that the hydrogen/air interface exists, such as by using fuel purging during the startup and shutdown processes, and producing N 2 -rich gas with a special system design.
• Reducing the potentials during the startup and shutdown processes, such as by applying an external auxiliary load and by creating an internal short in the fuel cells.
In comparison with materials improvement by using graphitized carbon or non-carbon supports, system strategies are relatively simple and cheap to implement in real fuel cell engines.
It is urgently necessary to set up relevant procedures and devices to meet the durability requirements of PEMFCs.
Concluding remarks
Performance degradation during startup and shutdown is an important issue that affects the durability and lifetime of PEMFCs. This review paper has surveyed and analyzed the durability tests, degradation mechanisms, and system strategies for the startup and shutdown processes.
The high potential at the cathode, introduced by the hydrogen/air interface at the anode, is the major cause of performance degradation of PEMFCs. A great deal of work has been done to develop alternative novel catalyst supports and system strategies to mitigate catalyst degradation. Currently, several strategies have greatly enhanced the durability of PEMFCs during the startup and shutdown cycles, such as applying a hydrogen purge and an auxiliary load.
Further work is needed to apply these effective strategies in more fuel cell systems. By combining system strategies with novel catalyst supports that have better corrosion resistance, the performance degradation caused by the startup and shutdown processes can be avoided to achieve long lifetimes that can meet the durability requirements for PEMFCs.
